INTRODUCTION
Synapses between inner hair cells (IHCs) and spiral ganglion neurons (SGNs) in the mammalian cochlea transform IHC activity into action potentials to enable perception of sound. In altricial animals, these synapses are formed during late embryonic development and become functional several weeks before hearing onset (Beutner and Moser, 2001 ). Bursts of synaptic activity are induced during this pre-hearing period through periodic excitation of IHCs by mechanisms intrinsic to the cochlea (Johnson et al., 2011; Tritsch et al., 2007) , resulting in IHC Ca 2+ spikes, glutamate release, and ultimately bursts of action potentials in SGNs that are carried to the CNS by auditory nerve fibers. Spontaneous burst firing is a common feature of developing sensory pathways (Blankenship and Feller, 2010 ) that has been implicated in promoting the survival of sensory neurons, refining their projections in the CNS, and initiating maturation of target neurons (Kirkby et al., 2013) ; however, little is known about how developing synapses shape this activity and contribute to formation of sensory pathways.
In the developing cochlea, SGNs fire action potentials in a highly stereotyped sequence within each burst, with spikes clustered into discrete mini-bursts consisting of multiple action potentials . Each mini-burst is induced by a single Ca 2+ spike in the presynaptic IHC, indicating that these nascent ribbon synapses are capable of remarkable signal amplification at this early stage of development. The repetitive firing of SGNs may enable signals to propagate more efficiently through the auditory pathway, induce long-term synaptic plasticity (Tzounopoulos et al., 2004) , and promote activitydependent synaptic refinement (Clause et al., 2014) . At central synapses, NMDA receptors (NMDARs) enhance postsynaptic depolarization due to their slow deactivation kinetics (CullCandy and Usowicz, 1987) , suggesting that they could promote synaptic amplification in the developing cochlea to facilitate neuronal integration. NMDAR subunit expression has been detected in adult SGNs by in situ hybridization and immunocytochemistry (Niedzielski and Wenthold, 1995; Safieddine and Eybalin, 1992; Usami et al., 1995) , and pharmacological manipulation of NMDARs in the cochlea of adult mice alters the firing of auditory neurons (Felix and Ehrenberger, 1990; Puel et al., 1991) . However, the contribution of NMDARs to synaptic excitation of SGNs prior to hearing onset remains uncertain. Although NMDAR subunit expression has been detected in SGNs at this age (Knipper et al., 1997; Lu et al., 2011) , synaptic currents recorded directly from SGN dendrites in conditions favorable for NMDAR activation are blocked by selective AMPAR antagonists (Glowatzki and Fuchs, 2002; Grant et al., 2010) , suggesting that they may be excluded from synapses. NMDAR-mediated currents can be elicited in SGNs in prehearing cochleae after exposure to salicylate (Peng et al., 2003; Ruel et al., 2008) , a non-steroidal anti-inflammatory drug that induces tinnitus, suggesting that there is a latent pool of NMDARs in developing SGNs that can be mobilized by particular chemical stimuli.
Here, we show that functional NMDARs are expressed by SGNs prior to hearing onset and that they play a prominent role in controlling both synaptic excitation and the coincidental activation of neighboring SGNs during spontaneous activity. Synaptic currents recorded directly from SGNs in prehearing cochleae were biphasic, reflecting activation of both AMPA and NMDARs. NMDAR activation prolonged synaptic currents, enhanced Ca 2+ influx, and stimulated the repetitive firing of SGNs. Conversely, pharmacological or genetic disruption of NMDAR signaling in SGNs accelerated synaptic currents, reduced the overall activity and correlated firing of SGNs, and impaired their survival. Together, these studies reveal that NMDARs enhance the gain of synapses in the developing cochlea and promote integration of SGNs into the auditory pathway.
RESULTS

Type I SGNs Express Functional NMDARs
To determine if SGNs in the developing cochlea express functional NMDARs, we isolated cochleae from postnatal day (P) 5-7 rats and made whole-cell recordings from SGN somata (Figures 1A and 1B) . These cells exhibited physiological and anatomical characteristics of type I SGNs (Jagger and Housley, 2002) ; they had a resting membrane potential of À60 to À80 mV and exhibited anomalous rectification when hyperpolarized and rapid spike frequency adaptation when depolarized ( Figure 1C ). Histological analysis revealed that they had a bipolar morphology ( Figure 1D ) and extended a single dendrite that terminated near the base of one IHC ( Figures 1E-1G ). When voltage-clamp recordings were performed in conditions optimized to detect NMDAR activity (Mg 1K ) and enhanced when glutamate uptake was inhibited with TBOA ( Figures 1L and 1M ), indicating that these fluctuations arise from periodic activation of NMDARs by ambient glutamate (Sah et al., 1989) . Focal application of NMDA to the soma of SGNs elicited transient inward currents that were also inhibited by CPP ( Figures 1N and 1O ), indicating that functional NMDARs are present in the somatic membrane of these neurons.
To assess whether NMDARs are localized to IHC-SGN synapses, glutamate receptor agonists were applied directly to SGN dendritic terminals near the base of IHCs (Figure 2A ), where these synapses reach their highest density (Safieddine et al., 2012) . As shown by the spread of the fluorescent dye Alexa 488, which was included in the puffer pipette ( Figure S1A ), agonist application was restricted to the region around IHCs (dye spread: 75 ± 15 mm, n = 5 cochleae) and did not reach the spiral ganglion (IHC-SGN distance: 330 ± 6 mm, n = 3 cochleae). Application of AMPAR agonists kainate or glutamate to SGN dendritic terminals elicited trains of action potentials that persisted when IHC Ca 2+ channels were inhibited with nifedipine but were blocked by AMPAR antagonists GYKI 53655 or NBQX ( Figure 2A ; n = 11 cells), indicating that this manipulation induces SGN firing through direct stimulation of postsynaptic glutamate receptors rather than depolarization of presynaptic IHCs. Focal application of NMDAR agonists NMDA or D-aspartate also induced trains of action potentials that persisted when AMPARs were blocked by GYKI 53655 but were abolished by NMDAR antagonists MK-801 or CPP ( Figure 2B ). Moreover, when current clamp recordings were made from SGNs, focal application of glutamate receptor agonists induced transient depolarizations that triggered SGN firing ( Figure S1B) ; when recordings were performed in the presence of tetrodotoxin (TTX) to block action potentials, NMDAR agonist application elicited depolarizations that were inhibited by CPP ( Figures 2C and  2D ). These results indicate that NMDARs are present in SGN dendrites at a density sufficient to trigger action potentials.
NMDARs Prolong the Time Course of IHC-SGN Synaptic Currents and Enhance Synaptic Depolarization NMDARs can markedly enhance excitatory postsynaptic currents (EPSCs) due to their slow kinetics and large unitary conductance (Cull-Candy and Usowicz, 1987) . Although NMDAR-mediated postsynaptic currents were not observed in previous studies when EPSCs were recorded directly from SGN dendritic boutons (Glowatzki and Fuchs, 2002; Grant et al., 2010; Seal et al., 2008) , these receptors are labile, and NMDAR-mediated currents often disappear rapidly in whole-cell recordings (Ká radó ttir et al. MacDonald et al., 1989; Rosenmund and Westbrook, 1993) . To minimize possible disruption of postsynaptic receptors, we recorded spontaneous EPSCs (sEPSCs) remotely from SGN somata ( Figure 3A ). When voltage-clamp recordings were performed in TTX, transient inward currents could be resolved that exhibited a time course similar to miniature EPSCs (mEPSCs) in central neurons (Goforth et al., 2011; Savi c et al., 2003) . These events were blocked by NBQX and CPP ( Figures  3B and 3D ), indicating that they resulted from glutamatergic transmission. When recordings were performed in the absence of extracellular Mg 2+ to allow current flow through NMDARs at negative potentials (V m = À70 mV), sEPSCs had a conspicuously prolonged time course ( Figure 3B ). Addition of CPP lowered the baseline noise, accelerated the decay time of sEPSCs by 53%, and reduced their charge transfer by 48%, without affecting their frequency or rise time ( Figures 3B-3D ). The characteristically slow kinetics of the NMDAR current was apparent after subtracting the average sEPSC in CPP from control ( Figure 3C ), which is comparable to NMDAR-mediated currents recorded at individual glutamatergic synapses in the CNS (Gideons et al., 2014; Goforth et al., 2011; Savi c et al., 2003) . To determine how NMDAR activation alters the time course of SGN membrane depolarization, we also performed current clamp recordings from SGN somata ( Figure 3E ). In 0 mM Mg 2+ ACSF containing TTX, spontaneous excitatory postsynaptic potentials (sEPSPs) were visible that had a prolonged decay (Figures 3F and 3G) . Inhibition of NMDARs with CPP reduced the duration of these events by 79%, demonstrating the profound effect that NMDAR activation can have on membrane potential changes due to their slow deactivation kinetics. NMDAR inhibition did not change the frequency or rise time of sEPSPs but reduced the peak amplitude by 38% and the envelope of depolarization (estimated by integrating the area under each event) by 74% ( Figure 3H ). Moreover, when whole-cell recordings were performed in NBQX, spontaneous inward currents and membrane depolarizations that exhibited slow rise and decay kinetics were visible ( Figures S2A and S2D) . Application of NBQX produced effects on synaptic events that were complimentary to CPP (compare to Figure 3 ), reducing their peak amplitude and slowing their rise times without changing their frequency or decay kinetics ( Figure S2) . It was not possible to distinguish single from double or multiple release events (Rutherford et al., 2012) in these recordings, because of the slow and variable waveform of NMDAR-mediated synaptic events. Therefore, all events were analyzed in both control and + NBQX conditions, resulting in average responses that have longer decay times, increased charge transfer, and depolarization areas compared to the kinetics of CPP-sensitive components (Figure 3) compiled from unitary events.
NMDAR channel opening is enhanced at higher pH (Tang et al., 1990) , in contrast to other ionotropic glutamate receptors that are largely insensitive to pH changes within a physiological (O) Plot of the average peak amplitude of current induced by NMDA in control, + CPP, and wash conditions. n = 6 cells; one-way repeated-measures ANOVA followed by Tukey's test; ***p < 0.001. Data show average values from each cell (gray) and mean ± SEM for all cells (black).
range. Acidification occurs at IHC afferent synapses due to proton release from synaptic vesicles (Cho and von Gersdorff, 2014) , and exposure to sodium salicylate, a salt of a weak acid that renders solutions basic, has been reported to induce the appearance of NMDARs in SGNs (Ruel et al., 2008 ). An alkaline shift in pH from 7.3 to 8.3 (Figures S3A and S3B) increased the frequency of sEPSCs ( Figure S3C ), consistent with the effects of pH on presynaptic neurotransmitter release (Sinning and Hü bner, 2013) . At this elevated pH, the decay time of sEPSCs was increased by 11% and the charge transfer by 24% ( Figures  S3B and S3C ), comparable to the effects of alkaline pH shifts on heterologously expressed NMDARs (Traynelis et al., 1995) . Subsequent application of CPP shortened the decay time and reduced the charge transfer to levels comparable to that recorded at physiological pH (Figures 3D and S3C; pH 7.3 versus pH 8.3 + CPP: weighted tau of decay, p = 0.20; charge transfer, p = 0.66, two-sample t test). These findings provide independent evidence for the contribution of NMDARs to sEPSCs and suggest that acidification of the cochlea could impair the transfer of hair cell activity to SGNs by inhibiting NMDAR gating. Sounds of different frequencies are encoded in the mammalian cochlea by distinct hair cells positioned in a tonotopic gradient along the organ of Corti, with their characteristic frequencies increasing from apex to base. Given the extreme demands of encoding high-frequency sounds, IHC-SGN synapses in the basal cochlea may contain fewer NMDARs to shorten the duration of synaptic excitation. Type I SGNs residing in this region also formed synapses with only one IHC ( Figure S4A ) and generated a single action potential upon depolarization (Figure S4B) . Moreover, CPP reduced the decay time and charge transfer of sEPSCs comparable to those recorded from SGNs residing in the apical region ( Figures S4C and S4D ). Indeed, for sEPSCs recorded in both basal and apical regions, there was a positive correlation between the weighted tau of decay in control and the change of decay tau after CPP ( Figure S4D ; base, r = 0.94, p < 0.001; apex, r = 0.67, p < 0.05, Pearson's two-tailed test), as expected if NMDARs contribute to the slow time course of decay in sEPSCs in both regions.
NMDARs Promote Ca 2+ Influx at IHC-SGN Synapses
NMDARs impact neuronal development by enhancing elevation of intracellular Ca 2+ during neural activity (MacDermott et al., 1986; Papadia et al., 2005; Xia et al., 1996) . To analyze Ca 2+ signaling in individual SGN dendritic terminals, we developed a method to achieve sparse expression of the genetically encoded Ca 2+ indicator GCaMP3 (Tian et al., 2009) cultured middle turns of P4-P6 cochleae to visualize dendritic Ca 2+ transients ( Figure 4C ). In these cochleae, spontaneous Ca 2+ transients were observed in groups of neighboring SGN dendritic terminals ( Figure 4D ; Movie S1), consistent with the synchronized activation of adjacent IHCs by ATP released from Kö lliker's organ Tritsch et al., 2007) . In the same preparation, deflecting the stereocilia of IHCs presynaptic to GCaMP3 + terminals induced Ca 2+ transients in SGN dendrites lasting several seconds ( Figure 4C ), comparable to spontaneous Ca 2+ transients (half width: 4.5 ± 0.3 s for spontaneous, 4.0 ± 0.5 s for evoked events, n = 13 terminals, p = 0.28, paired-sample t test) ( Figure 4D ; Movie S1). In the majority of dendritic terminals (16/27), spontaneous Ca 2+ transients persisted when AMPARs were blocked, although they were reduced in amplitude and frequency; in these terminals, all remaining activity was abolished by CPP ( Figures 4D  and 4E ). Moreover, Ca 2+ transients elicited in most SGN dendritic terminals (10/16) by stereocilia deflection were also inhibited by CPP ( Figures 4D and 4F ). This effect of CPP was specific to NMDARs in SGNs, as it did not alter the frequency or amplitude of inner supporting cell (ISC) spontaneous activity ( Figures S5A-S5C ) or affect the resting membrane potential or intrinsic excitability of IHCs ( Figures S5D and S5E ). These experiments demonstrate that activation of NMDARs at IHC-SGN synapses induces postsynaptic Ca 2+ transients in dendritic terminals of most type I SGNs.
NMDARs Regulate SGN Firing Behavior
To determine if NMDARs regulate the stereotyped firing of SGNs during the prehearing period, we made juxtacellular recordings from SGN somata in cultured rat cochleae (to allow cells to recover from the trauma induced by isolation) and monitored their firing behavior during both spontaneous activity and in response to IHC depolarization evoked by focal application of high K + ACSF ( Figure 5A ). Application of NBQX and CPP abolished nearly all action potentials in SGNs (spontaneous spike rate reduced by 98%, n = 4 cells, p < 0.05; evoked spike rate reduced by 99%, n = 5 cells, p < 0.01, paired-sample t test), indicating that their activity arises primarily from glutamate-receptor-dependent synaptic activity. In ACSF containing physiological levels of Mg 2+ (1.3 mM), the number of action potentials elicited in SGNs during spontaneous activity or by high K + application was markedly reduced by CPP ( Figures 5B and 5C ), even when applied at a lower concentration ( Figure S6 ), suggesting Figure S5 and Movie S1.
that NMDAR activation increases the probability of SGN firing.
To test this hypothesis, we monitored EPSP-action potential coupling in 1.3 mM Mg 2+ -containing ACSF. In control conditions, 80% of EPSPs triggered action potentials in SGNs, whereas in CPP this coupling was reduced to 61% ( Figures 5D and 5E) . Notably, our findings suggest that the efficiency of spike generation at this age is high, comparable to that observed after hearing onset (Rutherford et al., 2012; Siegel, 1992) , in contrast to recordings from boutons at this age, where only 18% of EPSPs led to action potentials . Preservation of NMDARs during somatic recordings may contribute to this enhanced EPSP-spike coupling. Given the high probability with which (H) Plots of the mini-burst rate (n = 8 cells) and percentage of mini-burst events (n = 7 cells) that contained more than one action potential (multiplets) during spontaneous activity in control, + CPP, and wash conditions. One-way repeatedmeasures ANOVA followed by Tukey's test; n.s., not significant, p R 0.05; *p < 0.05. Data show values from individual cells (gray) and mean ± SEM for all cells (black).
(I) Graph of the percentage of spontaneous minibursts containing different numbers of action potentials recorded in control, + CPP, and wash conditions. n = 7 cells; one-way repeated-measures ANOVA followed by Tukey's test for quantification of singlets, doublets, and triplets, and Friedman's ANOVA followed by Dunn's test for quantification of quadruplets and quintuplets and beyond; n.s., not significant, p R 0.05; *p < 0.05. Data show mean + SEM for all cells. See also Figures S6 and S7.
EPSPs elicit action potentials in SGNs, it is expected that the Mg 2+ block of NMDARs would be relieved during most synaptic events. Indeed, subtracting the average action potential waveforms in control and CPP (in 1.3 Mg 2+ ACSF) revealed a slow CPP-sensitive depolarization ( Figure 5F ), demonstrating that NMDARs contribute substantial postsynaptic depolarization and increase the probability of SGN firing.
To examine how repetitive firing of SGNs is influenced by NMDAR activation, we binned mini-bursts by their spike number: singlets, doublets, triplets, quadruplets, and quintuplets-andbeyond ( Figure 5G ). NMDAR inhibition reduced the number of mini-bursts ( Figure 5H) , consistent with the reduction in overall excitability of SGNs (Figures 5A-5C) . Moreover, the percentage of multiplets in each burst decreased and the percentage of isolated singlets increased when NMDARs were inhibited ( Figures  5H and 5I ). These results indicate that NMDARs also promote repetitive firing of SGNs in response to each IHC Ca 2+ spike.
However, NMDAR activity alone was not sufficient to excite SGNs in 1.3 mM Mg 2+ ACSF but was able to induce SGN firing when Mg 2+ was eliminated ( Figure S7 ), indicating that AMPARs provide crucial initial depolarization necessary to trigger action potentials and dislodge Mg 2+ from NMDARs under physiological conditions.
NMDARs Enhance the Overall Excitation and Correlated Spontaneous Activity of SGNs
Release of ATP from ISCs triggers activation of groups of neighboring IHCs Tritsch et al., 2007) , providing a means to synchronize activity of IHCs that will ultimately respond to similar frequencies of sound. To determine if NMDARs promote the transfer of this correlated activity from IHCs to groups of SGNs, we monitored the coincident activity of multiple SGNs by expressing GCaMP3 throughout the cochlea in Pax2-Cre; R26-lsl-GCaMP3 mice. GCaMP3 was expressed by supporting cells, IHCs, and SGNs in these mice (Figures 6A and 6B) , enabling simultaneous detection of activity in both Kö lliker's organ and the spiral ganglion ( Figure 6C ). Individual SGNs exhibited distinct patterns of spontaneous activity at this age. During some events, neighboring SGNs showed coincident activity, while in others their activity was uncorrelated ( Figure 6F ). This behavior is expected, as ATP is released from discrete locations in Kö lliker's organ, resulting in recruitment of different IHCs during each event. In ACSF containing Mg 2+ (1.3 mM), application of CPP reduced the frequency, peak amplitude, and integral of Ca 2+ transients in individual SGNs ( Figures 6G and 6H ), suggesting that both the firing rate and number of action potentials within each spontaneous burst were reduced by NMDAR block, in accordance with electrophysiological recordings (see Figure 5 ). Inhibition of NMDARs also reduced the frequency of spontaneous multi-cellular Ca 2+ events and the number of SGNs activated during each event (Figures 7A and 7B ; Movie S3). Because CPP does not affect activation of supporting cells ( Figures S5A-S5C ), the excitability of IHCs (Figures S5D and S5E ), or the frequency of glutamate release from IHCs (Figure 3) , these results indicate that synaptic activation of NMDARs markedly enhance global SGN activity. NMDARs also increase the density of active neurons during each spontaneous event, shown by the greater reduction in the probability of SGN activation with distance from the site of event initiation (the neuron where activity was first observed) when NMDARs were inhibited with CPP ( Figures 7C and 7D ), resulting in a more sparse activation of SGNs along the tonotopic axis. These population measurements indicate that NMDARs not only shape the firing behavior of individual SGNs but also promote the correlated activity of neighboring SGNs that receive input from similar frequency domains.
NMDARs Promote Survival of SGNs
Elimination of glutamatergic signaling between IHCs and SGNs reduces the number of SGNs and the size of the cochlear nucleus (Seal et al., 2008) , indicating that synaptic activity plays an important role in enhancing the survival and integration of SGNs. To determine whether NMDARs contribute to activitydependent survival of SGNs in the developing cochlea, we generated conditional NMDAR knockout (KO) mice by selectively removing GluN1, an obligatory NMDAR subunit, from a subset of SGNs (Avil Cre ; GluN1 fl/fl ; Z/EG) while preserving NMDAR expression in neurons within central auditory centers (Hasegawa et al., 2007) . GluN1 Het and WT SGNs were comparable in their physiological properties, baseline current fluctuations, sensitivity to exogenous NMDA, sEPSC decay tau, and changes induced by CPP application (Figures S8C and S8D ). However, GluN1 KO SGNs exhibited less baseline channel noise and did not respond to somatic NMDA application (Figures 8A and 8C) , and their sEPSCs had a single-exponential decay that was not altered by application of CPP ( Figures 8B and 8C ), indicating that these neurons lacked functional NMDARs. The effect of CPP on EPSC decay tau was smaller in these mouse neurons (20% reduction in mouse GluN1 Het SGNs versus 50% reduction in rat SGNs, see Figure 3 ), perhaps reflecting species differences in NMDAR subunit expression, absolute NMDAR expression level, or EPSC filtering through the dendrite.
To evaluate the effect of NMDARs on SGN integration in vivo, we isolated cochleae from GluN1 Het and KO mice at P30, after the auditory system reaches functional maturity (Sanes and Constantine-Paton, 1985; Wu and Oertel, 1987) . Cochleae were serially sectioned from apex to base ( Figure 8D ) and immunostained, and GFP + SGNs were counted ( Figure 8E ). In GluN1 KO mice there were 34% fewer GFP + SGNs compared to cochleae from cochleae; paired-sample t test; *p < 0.05; ***p < 0.001. Data show average values from each cochlea (gray) and mean ± SEM for all cochleae (black). See also Movie S2.
survival of type II SGNs was unaffected ( Figures 8H and 8I ). As there are no synaptic connections between SGNs, and SGNs are the sole neurons (now lacking central projections) in these explants, these results indicate that NMDAR activation promotes survival of type I SGNs, independent of feedback from higher-order brain regions.
DISCUSSION
IHCs exhibit robust spontaneous activity in the form of bursts of Ca 2+ action potentials before hearing onset, which induce correlated, repetitive firing of SGNs residing in similar frequency domains of the cochlea. How IHCs promote these intense periods of activity in developing SGNs is not known. Here we show that nascent synapses between IHCs and SGNs during the prehearing period contain functional NMDARs that markedly prolong synaptic currents, enhance postsynaptic depolarization, and increase the probability of action potential generation. As a result, NMDARs elevate the overall activity of SGNs, enhance their repetitive firing in response to each IHC Ca 2+ spike, and expand the number of SGNs that are activated during each spontaneous event. Loss of NMDAR signaling impaired SGN survival, reducing the number of SGNs that stably integrated within the spiral ganglion. These studies reveal that spontaneous activity in the prehearing cochlea promotes maturation of the neural pathway responsible for encoding sound through periodic activation of NMDARs in SGNs.
Patterned Spontaneous Activity in the Developing Auditory System Unlike central synapses, where integration from multiple synapses is required to bring a target neuron to the firing threshold, each multivesicular (Grant et al., 2010) or large uniquantal (Chapochnikov et al., 2014 ) release event at IHC-SGN synapses provides sufficient depolarization to induce action potentials in SGNs ( Figures 5D and 5E ). This strong depolarization would be expected to dislodge Mg 2+ from NMDAR channels, allowing these receptors to prolong depolarization and enhance postsynaptic Ca 2+ influx during each event. Another unusual aspect of this synapse is that it amplifies IHC activity by allowing each presynaptic Ca 2+ spike to induce multiple action potentials in the postsynaptic SGN . Our results indicate that NMDAR activation plays an important role in enabling this repetitive firing by extending the period of depolarization. Remarkably, the pattern of activity exhibited by SGNs at this age, which consists of a discrete series of minibursts repeated at an interval set by the frequency of IHC Ca 2+ spikes, is preserved as it passes through central auditory nuclei. Although the function of this stereotyped repetitive firing, which resembles theta-burst activity, is not known, it may facilitate propagation of activity through immature synapses that exhibit low or moderate release probabilities (Goutman and Glowatzki, 2011; Mü ller et al., 2010) , enable activation of perisynaptic receptors (Carter and Regehr, 2000) , and extend the window of opportunity for stabilizing synaptic inputs that exhibit similar patterns of activity.
NMDAR Expression in the Mammalian Cochlea
Transmission at IHC-SGN synapses is mediated by the release of glutamate from ribbon terminals (Glowatzki and Fuchs, 2002; Seal et al., 2008) . The composition of glutamate receptors responsible for SGN activation has been investigated through analysis of RNA (RT-PCR, in situ hybridization, and microarray/ RNaseq) and protein expression (immunocytochemistry and immunoelectron microscopy), which indicate that a variety of AMPA (GluA2-4), kainate (GluK1) and NMDAR (GluN1 and 2A) subunits are expressed by SGNs (Niedzielski and Wenthold, 1995; Safieddine and Eybalin, 1992) , and NMDARs have been reported to be transiently expressed by SGNs during the first 2 weeks in rats (Knipper et al., 1997) . However, direct functional evidence for participation of NMDARs in synaptic transmission at this first synapse in the auditory pathway has been elusive. Our results indicate that functional NMDARs are expressed by SGNs in cochlea before hearing onset and that these receptors are reliably activated by synaptic glutamate release from IHCs. Although all SGNs exhibited somatic responses to NMDA, not all terminals exhibited NMDAR-mediated Ca 2+ transients (see Figure 4D ), and the NMDAR-mediated component varied among individual SGNs, as shown by the variability in the decay kinetics of sEPSCs (see Figure S4D) . Furthermore, the firing of some SGNs was blocked by AMPA receptor antagonists alone (7/25 SGNs), suggesting that the NMDAR current is not always of sufficient magnitude to induce postsynaptic excitation. This variability in contribution of NMDARs to SGN excitation may arise from selecting cells in different states of dendritic maturation. Indeed, previous studies indicated that NMDARs are expressed transiently in the developing inner ear (Knipper et al., 1997) . It may also reflect the physiological diversity of SGNs, which vary dramatically in their rates of spontaneous activity in vivo (Taberner and Liberman, 2005) .
Roles of NMDARs in the Developing Cochlea
NMDARs have been shown to play a prominent role in neural development by regulating cell survival, dendritic and axonal arborization, and synapse formation (Collingridge et al., 2004; Contestabile, 2000; Ewald and Cline, 2009) . Hippocampal CA1 pyramidal neurons depleted of GluN1 receive greater glutamatergic synaptic input (Adesnik et al., 2008) , an effect attributed to the occupation of additional receptor sites in the postsynaptic (I) Survival curves of type I (black) and type II (gray) SGNs in control (open symbols, n = 6 cochleae) and NMDAR block (filled symbols, n = 5 cochleae) conditions. Two-way ANOVA with repeated-measures in one factor followed by Bonferroni test; no asterisk, not significant, p R 0.05; *p < 0.05; **p < 0.01; ***p < 0.001. Data show mean ± SEM for all cochleae. See also Figure S8. membrane by AMPA receptors when NMDARs are removed (Gray et al., 2011) . In accordance with studies in the brain, glutamatergic synapses were still formed between IHCs and SGNs without NMDARs, but there was a trend toward larger amplitude sEPSCs in GluN1 KO SGNs (see Figure 8C ), suggesting that there may be more territory available to AMPARs at these ribbon synapses.
The formation of circuits during early development is accompanied by widespread loss of neurons that fail to establish appropriate connections (Kuan et al., 2000; Nijhawan et al., 2000) . Survival of neurons during this period is promoted by activity (Mennerick and Zorumski, 2000) , and systemic administration of the NMDAR antagonist MK-801 during the first 2 postnatal weeks in rats triggers widespread neuronal apoptosis (Ikonomidou et al., 1999) , suggesting that NMDAR activation promotes neuronal survival during a critical period. However, these studies could not exclude the possibility that the effects may arise from emergent, abnormal patterns of activity induced by NMDAR inhibition at early ages (Homayoun and Moghaddam, 2007; Jackson et al., 2004) . Thus, a cell-autonomous role for NMDAR signaling in neuronal survival has not been examined in vivo. Previous studies suggest that synaptic activity promotes SGN integration, as the size of the spiral ganglion is reduced in mice that lack vGluT3 (Seal et al., 2008) . Our results show that disrupting NMDAR expression in a small subset of SGNs in vivo led to a 34% decrease in their survival (see Figure 8F ), comparable to the extent of SGN loss observed in vGluT3 null mice, indicating that NMDAR activation promotes SGN integration.
Previous studies suggest that NMDARs may also contribute to signaling in the mature cochlea: GluN1 subunit immunostaining is robust around the base of IHCs in adult rats (Ruel et al., 2008) ; infusion of the NMDAR antagonist 2-amino-5-phosphonovalerate (APV) through the perilymphatic scalae reduced compound action potentials recorded from the auditory nerve (Puel et al., 1991) ; and systemic infusion of MK-801 reduced swelling of SGN dendrites following exposure to intense sound (Duan et al., 2000) . Although the slow activation and deactivation kinetics of NMDARs would be expected to limit the fidelity of sound encoding at high frequencies, prolonged depolarization could be counteracted by expression of leak channels to maintain a low membrane resistance and HCN channels to shorten EPSPs in SGN dendritic terminals (Chen and Davis, 2006) . A transition from GluN2B-to GluN2A-containing NMDARs similar to the developmental change observed at central synapses (Cull-Candy et al., 2001) would also be expected to shorten EPSP time course and restrict plasticity. Direct assessment of the role of NMDARs in sound encoding and cochlear trauma in the mature cochlea will require development of a SGN-specific CreER mouse line that enables selective deletion of GluN1 from adult SGNs.
EXPERIMENTAL PROCEDURES Animals
All experiments were performed in accordance with protocols approved by the Animal Care and Use Committee at Johns Hopkins University. P0 to P7 Sprague Dawley rat (Charles River Laboratories) and mouse pups were used for recording and imaging.
Electrophysiology
Recordings were performed at room temperature as described previously (Tritsch et al., 2007) . Currents and potentials were recorded using a MultiClamp 700A amplifier (Molecular Devices) with pClamp9 software, and data were analyzed using Clampfit (Molecular Devices), Origin (OriginLab), MiniAnalysis (Synaptosoft), and custom routines written in Matlab.
Imaging
GCaMP3 fluorescence was imaged with a laser scanning confocal microscope (LSM 710; Zeiss) using a 203 water-immersion objective. In vitro cell survival experiments were performed using an inverted light microscope (Axio Observer; Zeiss) with a 103 objective. Data were analyzed using ImageJ (NIH).
Statistics
Data are expressed as mean ± SEM, and statistical tests were performed as indicated in Table S1 , with significance determined by p value < 0.05. 
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